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Abstract T Temperature®R
\% Total volume (ff)
The component integration of a class of hypersoniv/ Volumetric efficiency (\?’3/sref)
high-lift configurations known as waveriders into hypersonicxX,Y,Z Cartesian coordinates
cruise vehicles was evaluated. A wind-tunnel model waa Angle of attack (deg)
developed which integrates realistic vehicle components wit(3 Sideslip angle (deg)
two waverider shapes, referred to as the “straight-wing” ang,n,.  Computational coordinates
“cranked-wing” shapes. Both shapes were conical-flow
derived waveriders for a design Mach number of 4.0. ExpeiSubscripts

imental data and limited computational fluid dynamics (CFD’co Freestream quantity

predictions were obtained over a Mach number range of 1w Wall gquantity (temperature)

to 4.63 at a Reynolds number of 2.0§<mr foot. The CFD

predictions and flow visualization data confirmed the shoc Intr oduction

attachment characteristics of the baseline waverider shap

and illustrated the waverider flow-field properties. Experi- A waverider is any shape that is designed such that the

mental data showed that no significant performance degradbow shock generated by the shape is perfectly attached along
tions, in terms of maximum lift-to-drag ratios, occur dt of the outer leading edge at the design condition. The waverider
design Mach numbers for the waverider shapes and the inidesign method leads to several advantages over conventional
grated configurations. A comparison of the fully-integratechypersonic concepts. The attached leading edge shock wave
waverider vehicles to the baseline shapes showed that the pconfines the high pressure region to the lower surface and
formance was significantly degraded when all of the compcresults in high lift-to-drag ratios. Design predictions suggest
nents were added to the waveriders, with the most significathat these lift-to-drag ratios are higher than conventional
degradation resulting from aftbody closure and the additiohypersonic concepts, giving waveriders an aerodynamic per-
of control surfaces. Both fully-integrated configurationsformance adavntage. The flow field below the waverider bot-
were longitudinally unstable over the Mach number rangtom surface is uniform and, in the case of waveriders derived
studied with the selected center of gravity location and fofrom axisymmetric flow fields, there is little or no crossflow
unpowered conditions. The cranked-wing configuration proin this region, making these shapes attractive candidates for
vided better lateral-directional stability characteristics tharengine integration. These advantages have led to interest in

the straight-wing configuration. using waverider shapes as the forebodies of hypersonic air-
breathing engine-integrated airframesawdtiders have been
Nomenclature considered for various types of missions including hyper-
- sonic cruise vehicles, single-stage-to-orbit vehicles, air-
Cp Drag coefficient breathing hypersonic missiles and various space-based
G Rolling moment coefficient missionﬁ
Cig Rolling moment derivative
CL Lift Coefficient . A specific waverider shape is uniquely defined by
Cm Pitching moment coefficient freestream conditions, the type of generating flow-field body
Cn Yawing moment coe_fhm_ent and a leading edge definitiénThe shapes of the upper and
Cpg  Yawing moment derivative lower surfaces of the configuration follow from these param-
D Drag (Ibf) eters. The freestream conditions, including Mach number and
L Lift (Ibf) Reynolds number or altitude, are selected based on mission
M Mach number criteria. The design method used in this study involves a spe-
p Static pressure (IbfAy cific design point. The generating flow-field body is used to
Re Reynolds number define the shock shape upon which the leading edge of the
Sref Planform area (f) waverider is constructed. Any arbitrary body in supersonic or

hypersonic flow can be used as a generating flow-field. body
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angle of the cone are specified by the desigihbe selection
of these parameters can have a significdatebn the shape The purpose of the current study was to examine the
of the waverider generated as well as on the aerodynamic paerodynamic characteristics of two waveriderived hyper-
formance of the configuration. Figure 1 illustrates the desigsonic cruise vehicles. Therefore, the objectives of this study
of a conical-flow derived waverider. The planform shape, owere twofold. The first was to create an experimental and
leading edge, is defined on the shock wave produced by ticomputational data base for waveriderived configura-
cone. The lower surface of the configuration is defined btions. The second was to examine thfea$ of individual
tracing streamlines from the leading edge to the base of tlvehicle components on pure waverider performance, to deter-
configuration. The result is that the lower compression sumine the differences in aerodynamic performance and stabil-
face is a stream surface behind the conical shock wave. Tity which result from integrating all vehicle components and
configurations studied here have an upper surface which to assess whether the fully-integrated waverékrived con-
designed as a constant freestream pressure surface. Howefiguration provides the same advantages that the pure waver-
other techniques may be used, such as shaping the upper sider does. No data currently exist which address the
face as an expansion or compression surface. The conidntegration of realistic vehicle components with pure waver-
flow field, defined behind the shock wave, exists only belovider shapes. The objectives of the study were accomplished
the lower surface of the waverider. using results from wind-tunnel testing and limited computa-
tional fluid dynamics (CFD) solutions. The CFD predictions
The resulting configuration provides two distinct were obtained for the baseline (pure) waverider shapes only
advantages over conventional hypersonic configuration/A wind-tunnel model was designed which integrated cano-
The first is an aerodynamic performance advantage over copies, engine packages and control surfaces with two Mach 4.0
ventional vehicle$:34 Theoretically, the shock wave is per- waverider configurations. Limited CFD predictions were
fectly attached along the outer leading edge at the desiobtained for the baseline waverider configurations in order to
Mach number The result is that the high pressure regiorprovide comparisons with experimental data and design-code
behind the shock wave is confined to the lower surface and ipredictions.
flow spillage from the lower surface to the upper surfact
occurs. The maximum lift-to-drag ratios which are producec This paper contains a discussion of the methods used
by this method are higher than those of conventional hypeto select the two waverider shapes used as well as the devel-
sonic concept$. Another advantage of axisymmetric waver- opment of the wind-tunnel model. The details of the experi-
ider flow fields is that they provide excellent propulsion/mental study are then presented as well as the computational
airframe integration (®) characteristics. The lower surface method used to obtain the CFD predictions. The results are
flow field is uniform and there is pure conical flow in thisanalyzed in three sections. First, the results of the baseline
region for a perfectly attached shock wave. These charactewaverider configurations without integrated components are
istics are ideal for the integration of engine modules thepresented, including flow-field characteristics from CFD
require a high qualitycompressed inlet flawuch as a scram- solutions and experimental flow visualization data as well as
jet. The aerodynamic performance ard Benefits ofered  aerodynamic performance and stability data from the experi-
by waveriders have generated interest in their use for variooment and CFD predictions. Second, the experimental results
hypersonic vehicle designs. of integrating aircraft components with the baseline waver-
ider shapes are presented. THea$ of the canopengine
components and control surfaces on aerodynamic perfor-
7 mance and stability are examined. Finate characteristics
of the fully-integrated waverideterived configurations are
Conical examined and compared to those of the baseline waverider
| Shock Wave shapes. The fefctiveness of the control surfaces for pitch
M
[oe)
—

v and lateral-directional control is not discussed in this paper.

Waverider Forebody Description
and Model Development

The baseline waverider configurations used in this
study were designed using the MAXRP design code,
developed at the University of Marylaﬁd.‘l’ he freestream

Waverider conditions and optimization parameters were chosen based
Leading Edge Bottom Surface on the applicability of this study to a hypersonic cruise vehi-
(Streamsurface cle, with ground-based test facility limitations taken into
account. The design freestream Mach number was 4.0 and
the design Reynolds number was 2.8xaér foot. Although
the specific Mach number range of interest for this type of
vehicle would be approximately 5.0 to 5.5, Mach 4.0 was
selected as the design point based on the limitations of avail-
able ground test facilities and the range of data desired. A
Figure 1.Waverider Designed From Conical Flow Fielc  design point of Mach 4.0 allowed for data to be obtained at,




above and below the design point. This allowed for the vali
dation of the waverider concept at the design Mach numbe
and for the more complete evaluation of-adsign perfor-

mance. Data obtained in this range of Mach numbers wou
be applicable to a Mach 5.0-5.5 vehicle with only a re-desig
of the waverider forebody necessary in order to achieve sho(|
attachment at the design point of interest. The Reynolc | &
number was chosen based on nominal facility operating col
ditions and is not representative of a flight cruise altitude
Maximum lift-to-drag ratio was used as an optimization
parameter since this is more appropriate as a hypersorfiigure 2. Photograph of baseline straight-wing waverider.
cruise performance parameter than minimum drag.

Two different waverider shapes were developed fo
this study The first shape is referred to as the “straight-wing’
shape and was designed using the optimization routine
MAXWARP. The second shape, referred to as the “crankec
wing” shape, was created by adjusting the leading edge of t
straight configuration to create a curved wing-tip shape thi
had increased aspect ratio, but still maintained shock attac
ment along the outer leading edge at the design freestrea
condition. The leading edge of the cranked-wing waveride
was defined on the same conical shock wave as the straigiigure 3. Photograph of baseline cranked-wing waverider.
wing shape. The term “cranked” in this context refers to a
shape in which the sweep angle not only changes, but also t
a lage dihedral angle in the plane of the base. The cranke
wing shape was designed to provide improvements in sul
sonic performance, due to an increase in the aspect ratio, a
directional stabilitywhile maintaining the waverider aerody-
namic performance advantage in the supersonic/hypersor |
regime.

Photographs of the straight-wing and cranked-wing
pure waverider configurations are shown in figures 2 and .
respectively The lower surface of the straight-wing wave-
rider has a slightly convex curvature in the cross section i
order to facilitate addition of the propulsion system. Addi-
tionally, the lower surfaces of both configurations deviate
slightly from the waverider streamsurface by having a sligh
expansion surface which begins approximately 2 inche
upstream of the base (figure 4). Additional model volume
was added by perturbing the shape of the freestream upy.
surface in order to accommodate the sting and balance nec Expansion Surface
sary to measure aerodynamic loads on the model during te..
ing. The waverider model was chosen to be 24 inches ipigure 4. Photograph of baseline cranked-wing waverider
length. The length of the generating cone was selected to ®ver surface.

twice that of the waverider length. The selection of these . ¢ h . hicl fth .
parameters fixes the location of the waverider on the generdSti¢ canopy for a hypersonic vehicle. Because of the design

ing shock wave. The maximum lift-to-drag ratios predictec®! the model, a canopy-off configuration could not be tested.
by the design code are 6.859 for the straight-wing model ar | "erefore, a smooth ogive canopy was designed in order to

6.743 for the cranked-wing model. The generated shapProvide a comparison of the aerodynamic performance
were judged to provide a significant aerodynamic perforbetween the two canopies. These canopies are referred to as

mance advantage at the design Mach number, while posseth€ faceted and smooth canopies, respectivéiyures 2 and
ing good volumetric and structural characteristics for ¢ Show the model with the smooth canopy attached, while fig-
realistic hypersonic cruise vehicle. Additional details on thédr€S 5 and 6 show the faceted canopy attached to the model.

waverider shapes and model design are included in referen! "€ Smooth canopy is also shown in figure 6. The engine
6. package included an inlet and nozzle/expansion ramp, also

shown in figure 5. The engine-on design was intended to
jprovide an indication of the unpowered aerodynanfecebf
modifying the waverider airframe to integrate a propulsion
system and not to provide an accurate simulation of propul-

Canopies and propulsion systems components we
designed for the waveriddased configurations. The first
canopy was designed with faceted surfaces to resemble a re



sion effects. The inlet consisted of a compression ramp wit40 Ibf axial, 1500 in-Ibf pitching moment, 400 in-Ibf rolling
two side walls. Wo different nozzle/expansion ramps were moment, 800 in-lIbf yawing moment and 300 Ibf side force.
designed, one for use with configurations that do not havAs an example, using the method of root-mean-squares sum-
control surfaces attached and the second for configuratiomation to combine independent error sources, this corre-
which have control surfaces. These are referred to as tlsponds to a range of uncertainty in lift damént of 0.0053 at
“short” and “long” nozzles, respectivelyThe inlet capture a=0° to 0.0054 ati=1(° and an uncertainty range in drag
area, expansion ramp turning angle and nozzle exit area wecoeficient of 0.00036 ati=0° to 0.001 ata=1C° for the
designed for Mach 4.0 cruise conditions using industnM _=4.0 andRe_ =2.0x1®per foot condition. The repeat-
design practices, propulsion data and estimated fuII-scaab(mty of measuréments in each test section was observed to
drag values. Identical nozzles with static pressure taps webe better than these uncertainties. Thereforkerdiices less
also fabricated in order to obtain surface pressure measuithan these ranges observed in comparisons of data from dif-
ments on the nozzle. The non-instrumented ramps were usferent configurations in the same test section could be consid-
when obtaining force and moment data. ered significant. However comparisons between
independent measurements or measurements frdenedif
Control surfaces were designed and fabricated in ordetest sections are only good to within these uncertainty ranges.
to examine their éfcts on waverider aerodynamic perfor-
mance as well as thefe€tiveness of the control concept. Computational Method
Figures 5 and 6 show the model with various control surface
The control surfaces were sized based on control-volum
trends from supersonic fighter aircraft. The control surface
close the blunt base of the configuration to a sharp trailin

Computational grids were developed for each of the

pure waverider configurations by first developing a numerical
, 2" surface description and then creating 3D volume grids.

edge. Elevons were designed for angles of O, positive Zyymerical surface descriptions of the straight-wing and
(trailing edge down) and negative 20 (trailing edge Up. anked-wing wind-tunnel models were obtained from CAD

gegrﬁ_esh. Eecause ?f thfe severe closurehandgle ar?d the m_edtdescriptions of the model parts. Three-dimensional volume
y which the control surfaces were attached to the waveridiyjqs were created for each configuration using the GRID-

shape, dierent parts were fabricated for each fixed angle. /GgN software package, which utilizes algebraic transfinite

set of outboard ailerons for the same three angles Winierholation methods with elliptic interior point refinemént.

designed for the straight wing. Because of the curved surfaigny the haseline waverider model with no integrated vehicle
of the cranked wing and the small thickness of the outer Iea'components was modeled in the CFD analysis.

ing edge, the set of ailerons for the cranked-wing configure
tion consisted of an inboard aileron, which remained fixed & The CFD solutions were obtained using the General

zero degrees, and a set of outboard ailerons, which Weaerqqynamic Simulation Program (GASP), version $19.
dgflected ato, positive 20 and negative 20 _deg(ees. AVeriCGASpis a finite volume code capable of solving the full Rey-
tail surface was designed to augment directional Stab'l't3no|ds-averaged Navictokes (RANS) equations as well as
The model is 26.597 inches in length with control surfacegpsets of these equations, including the parabolized Navier-
attached. Stokes (PNS), thin-layer Navi@tokes (TLNS) and Euler
equations. ime integration in GASP is based on the integra-
tion of primitive variables, and convergence to a steady state
solution is obtained by iterating in pseudo-time until the L2
The facility utilized in this study was the Unitary norm of the residual vector has been reduced byfisut
Plan Wind Tinnel (UPWT) at NASA Langley Research Cen-amount. GASP also contains several flux-split algorithms
ter” The low-Mach-number test section has a Mach numbeand limiters to accelerate congence to steady state. Mesh
range of 1.47 to 2.86 and the high-Mach-number test secticsequencing is also available as a means to accelerate conver-
has a range of 2.30 to 4.63. Configurations tested ranggence.
from the straight and cranked pure waverider shapes with r
engines or control surfaces up to the fully-integrated wavel In this study each configuration was modeled as a
ider-derived vehicles with all components attached. Six comtwo zone problem, as illustrated in figure 7. The first zone
ponent force and moment data were obtained over a Maidncluded the blunt nose of the configuration. The flow in this
number range of 1.60 to 4.63 for the cranked-wing configureregion is a combination of subsonic and supersonic flow since
tions and over a range of 2.30 to 4.63 for the straight-winthere will be a small area of subsonic flow behind the
configurations. Flow visualization data, including schliererdetached bow shock. Therefore, the TLNS equations were
and laser vapescreen photographs, were taken over thesolved over the first zone using a global iteration procedure.
same Mach number ranges. Static pressures were measuThe second zone encompassed the remainder of the configu-
on the nozzle surface for selected conditions. Detailed ruration, extending from the zonal boundary to the base of the
schedules are included in reference 6. configuration. The flow in this region was computed by
applying the PNS equations. These equations are valid for
The balance utilized in this study was the NASA-regions of predominately supersonic flow with no streamwise
Langley-designated U%0-B balance. The accuracy of the separation. A no-slip boundary condition was applied to all
this balance, based on an April 1993 calibration, is 0.5 pesolid boundaries with a fixed wall temperature of 585
cent of full-scale for each component to within 95 percenwhich is identical to that specified in the MAYARP optimi-
confidence. The full-scale load limits were: 600 Ibf normalzation routine when designing the waverider shapes.

Experimental Method
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Figure 5. Photograph of straight-wing fully-integrated waverider model.
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Figure 6. Photograph of waverider wind-tunnel model with various vehicle components.
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Figure 7. Coordinates and computational scheme for 154
waverider CFD solutions. 1.46
137
Freestream conditions were applied at the outer bound 1.29
second order extrapolation from interior cells was appliec
. o 1.20
the last streamwise plane and symmetry boundary conditi
were applied on the center plane. The Baldwin-Lomax al 112
braic turbulence model was used in these solutions to me 1.03
turbulent boundary layerand convegence to a steady stat 0.95
was obtained by reducing the L2 norm of the residual vec _ _
by 5 orders of magnitude. Base View of CFD Solution
) ) Figure 8. Comparison of base-view vapor-screen photog?:raph
Results and Discussion and non-dimensional static pressure contours from a CFD
solution of the straight-wing model at Mach 4x60°.
i i . .
Baseline Viverider Shapes the waverider Engine modules would be placed upstream of

The flow-field characteristics of each of the baseline
pure waverider shapes can be examined using CFD solutio
and experimental flow visualization data. Figure 8 shows
laser vapoiscreen photograph of the flow at the base cros
section of the straight-wing pure waverider model and non
dimensional static pressure contours at the base cross sect
of the same configuration from a CFD solution at Mach 4.0
0° angle of attack and a freestream Reynolds number (
2.0x1% per foot. The photograph was taken using a camet
mounted behind the model and looking upstream. The mod
lower surface is highlighted in the photograph by the lase
light sheet on the surface. The bow shock is indicated by tt
contrast between light and dark regions below the light shee
On the left-hand side of the photograph, the shock is observi
to be very near the edge of the lower surface. Thus, the-vap:
screen photograph confirms the qualitative shock locatio
predicted by the CFD solution. A small detachment distanc
exists even at the design point due to blunt leading edge a
boundary layer displacemenfexts. The experimental data
and CFD predictions also indicate that the high pressur
region remains confined below the model lower surface. /
large low pressure regiorPy P, of 0.95 or less) exists near
the center line of the model below the bottom surface due t
the bottom surface expansion present on the model. Hov
ever the remainder of the bottom surface flow field is a
smooth, conical flow field, so the presence of this sligh
expansion surface does not degrade KleRaracteristics of

the point where the expansion surface begins, so the flow
entering the inlet would be highly compressed. Similar data

are shown in figure 9 for the cranked-wing pure waverider

model. The shock can be seen in the right-hand side of the
photograph to be very near the outer leading edge of the
model. The lower surface is again highlighted by the laser
light. The experimental data confirm the qualitative shock

location at the outer leading edge, which is predicted by the
CFD solution for this case as well.

The lift-to-drag ratios for the cranked-wing and
straight-wing pure waverider model are shown in figures 10
and 1. These figures show experimental data as well as pre-
dictions from CFD solutions and the MAXARP design
code. The CFD values were obtained by integrating surface
pressure and skin friction predictions from CFD solutions.
For both experiental and computational data, the data were
corrected to assume that freestream pressure is acting at the
blunt base. In other words, base drag is not included. This is
also the manner in which the design code computes lift and
drag values within the optimization routine. In general, there
is good agreement between the CFD predictions and experi-
mental data. Both the computational predictions and experi-
mental data show lower lift-to-drag ratios than the design-
code predictions. The flow visualization data and CFD flow-
field solutions showed that a slight detachment distance exists
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Figure 11.Comparison of experimental data, CFD and design

even at the design Mach number of 4.0. The resulting ﬂo\E)redictions for the straight-wing waverider at Mach 4.0.

spillage leads to a slight lift loss and drag increase over t%sign conditions are similar in all cafes.
design code prediction, because the design code assumes an
infinitely sharp leading edge with a perfectly attached shock

wave. An additional lift loss results from the expansion onfy,q tace

the model lower surface discussed previously and a dragy re 12 This figure shows lift-to-drag ratios at Mach 4.0 for

increase results from the presence of the additional volume g, pure waverider model with the smooth canopy attached

the upper surface of the wind tunnel model. The experimeny'the waverider with the faceted canopy attached, but no

tal data also show that the maximum lift-to-drag ratio 0CCUrg e yehicle components integrated. The data are again pre-
near 2 angle of attack. The lateral flow spillage caused b¥enieq assuming freestream pressure acting at the biunt base.
shock detachment results in a lift loss and requires the mOd?ie experimental data indicate that there is a 5.1 percent
to be pitched at a higher angle of attack in order to achieve,aqyction in maximum lift-to-drag ratio at Mach 4.0 for the
comparable lift coefficient as th€ angle of attack, perfectly cranked-wing configuration when the faceted canopy is used,
attached shock condition.. as compared to the smooth canopgr comparison, the data
indicate a 3.6 percent reduction for the straight-wing config-
uration. This reduction in maximum L/D is due primarily to
slight increase in drag between the faceted-canopy and the
ooth-canopy configurations. Therefore, the analysis indi-
cates that the primaryfett of adding a realistic canopy is a

engine package and addition &f €ntrol surfaces are ana- jignt degradation in aerodynamic performance. The faceted
lyzed. In this section, only data for the cranked-wing configzanqpy is used in the remaining configurations studied.
uration at the design Mach number are presented for hrevity

However the efects on the straight-wing model and aft of

The efect on aerodynamic performance of adding
ted canopy to the cranked-wing waverider is shown in

Component Build-Up Eécts

The efects of each of the vehicle components on
waverider aerodynamic performance are examined throu
comparisons of experimental data. THe@&s of the canopy




The efect on aerodynamic performance of adding

the engine package to the cranked-wing waverider is show  8.00f M.=4.0
in figure 13. Experimental lift-to-drag ratios are shown for 6.00l 00g
both engine-dfand engine-on configurations at Mach 4.0. F © 0oo0

: . : O OnQ
Both configurations shown have the facted canopy and ni . 4.00 OD %%@
control surfaces attached. The addition of engine compo = .
nents results in a 17.7 percent decrease in maximum lift-to 8 200 @
drag ratio at Mach 4.0 for the cranked-wing configuration. & 0.00fF -
For comparison, the straight-wing model shows a 19.7 per & ; o
cent reduction. These decreases are primarily due tge lar 2 -2.00} - _
increase in drag caused by the increase in projected fronti 5 4 005— o © Engine Off
area. A slight increase in lift was also observed due to thi e = - O Engine On
inlet compression surface. -6.00[ O

The efects of adding ?)contrpl surfaces are illus- R R AT A R VR

trated by comparing configurations with no control surface tc Lift Coefficient, C,

those with 6 elevons and®ailerons attached. Note that the

engine components are also attached to the configurati0|3§gure 13.Effect of engine components on lift-to-drag
compared here. Thefetts of adding control surfaces on the ratios of cranked-wing waverider at Mach 4.0.
cranked-wing waverider configuration are shown in figure 14

and 15. Figure 14 shows a comparison of drag values
Mach 4.0 for controls-6fand controls-on configurations.
The coeficient data are reduced by the planform areas of eac
corresponding configuration so the effects of increased plai
form are accounted for in the normalization of these dat:
There is a significant increase in drag when the control su
faces are added. This is due primarily to the assumption 1
freestream pressure acting at the base in the contfalassf _blunt trailing edges on control surfaces as a means of enhanc-

and a significant reduction in base area when the controls & : 13 : i
added. In other words, a ¢ increase in base drag results. 9 the aerodynamic performanl:?e. Waveriders with

hen the blunt base is eliminated by adding control s rfacethick bases will be difcult to integrate and will stgr from
\'?Vhe bass alrjea S : o I'mlatel 91/ erée%t of the Lllanforsignificant performance degradations when the aftbody is
IS approxi yS.1p PIaNIor - 5sed. Also, as noted previously, some loss of lift is caused
area for the cranked-wing controlsd-afase and approxi-

mately 0.82 percent for the controls-on case. For the strai fby the expansion on the waverider lower surface and the
alely L.ozp ; : Y severe closure angle of the elevons. A control surface design
wing model, the base area is 8.3 percent of the planform ar

for the controls-dfcase and 0.88 percent for the controls-onWhiCh minimizes or eliminates thesdeefts would enhance
. . L L the aerodynamic performance of the configuration. Main-
case. Aslightlift loss also results from the addition of contro

. taining the lower surface as a waverider stream surface all the
surfaces due to the @ expansion angle present on the

elevon lower surface. Thesdegfts cause a significant reduc- -2 to the base, while designing the upper surface as a slight
A ; gnimcan expansion surface would reduce the base thickness. Longer
tion in lift-to-drag ratios at Mach 4.0, as shown in figure 15

. control surfaces would also reduce the closure angle.
The addition of control surfaces causes a 17.7 percent redt 9

fion in maximum lift-to-drag ratio at Mach 4.0 for the
cranked-wing configuration and a reduction of 13.9 percent
for the straight-wing configuration.

Several methods for minimizing the performance

degradation caused by the closure of the blunt base are possi-
ble. Previous studies have examined the possibility of using

Fully-Integrated Configurations

8.001 M_=4.0 The aerodynamic performance of each of the fully-
o integrated waveridederived hypersonic cruise configura-
6.00F gHe O¢g o tions is significantly degraded from that of the corresponding
Q 0o pure waverider shape. Maximum lift-to-drag ratios across the
o 400f © Mach number range studied are shown in figures 16 and 17
;'- 200k a for the cranked-wing and straight-wing waverider configura-
'&% tions, respectively Each figure shows a comparison of the
g 000F o pure waverider model with no vehicle components attached
b g and the fully integrated model with the faceted canopy
g 20 © Smooth Canopy engine components °@ontrol surfaces and a vertical tail
— 4.00fF ) 0 Faceted Canopy attached. The maximum lift-to-drag ratios do not vary signif-
icantly across the Mach number range for either fully-inte-
-6.00 ’@@5 grated configuration. As indicated previoystyuch of the
-8.00 L. R A R R S performance degradation observed results from aftbody clo-
-0.10 -0.05 0.00 0.05 010 0.5 020 0.25 0.3 sure and the addition of @ontrol surfaces. The €&rence
Lift Coefficient, C_ in maximum lift-to-drag ratios increases as Mach number
decreases because freestream pressure increases as Mach
Figure 12 Effect of canopy on lift-to-drag ratios number decreases. The maximum lift-to-drag ratio of the
of cranked-wing waverider at Mach 4.0. cranked-wing fully-integrated model is 4.56 at Mach 4.0,
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Figure 14.Effect of control surfaces on drag values of Figure 16. Comparison of maximum L/D values for the
cranked-wing waverider at Mach 4.0. cranked-wing pure and fully-integrated configurations.
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Figure 15. Effect of control surfaces on lift-to-drag ratios ~ Figure 17. Comparison of maximum L/D values for the
of cranked-wing waverider at Mach 4.0. straight-wing pure and fully-integrated configurations.

which corresponds to a 36.5 percent decrease when all velTherefore, the configurations studied provide at least compa-
cle components are added. The value for the straight-wirrable aerodynamic performance to conventional supersonic/
model is 4.69, which corresponds to a 34.5 percent reductiohypersonic vehicles, even though the addition of vehicle
components causes a significant degradation in performance.
The maximum lift-to-drag ratios measured here carThe waverider vehicles also still provide significadtl P
be compared to the theoretical “L/D barrier” developed byadvantages.
Kuchemann, shown in figure 28 The maximum lift-to-
drag ratios for the fully-integrated waverider vehicles are sig The pitching moment characteristics of each fully-
nificantly lower than the L/D barrier shown. Howewdirect integrated configuration are shown in figure 19. Both config-
comparisons are difult since the vehicles used to extrapo-urations are longitudinally unstable using the moment refer-
late this L/D barrier from theoretical and experimental datience center selected, which is 16.623 inches aft of the nose.
do not necessarily have the same volume or volumefric ef However this center of gravity location was arbitrarily
ciency (\.f) as the waveridederived vehicles. Additionally selected and is not necessarily a desired flight location. A
if the waveriderderived vehicles were tested at flight-scaledpreliminary analysis indicates that the center of gravity shift
conditions, the performance would be improved due a reduwith Mach number is acceptable and the location could be
tion in skin friction. The performance should also improvemoved forward enough to provide at least neutral stability
with the addition of a functioning propulsion system due tcover the Mach number rand&. Also, the data presented are
increased surface pressures on the aftbody surface. Itis nofor unpowered conditions and the addition of a functioning
that no known vehicles have exceeded the L/D limit in figur¢propulsion system will enhance the longitudinal stability of
18. The lift-to-drag values for the waverigdarived vehicles these configurations due to the increased surface pressures on
studied here are similar to those of the B-58 andEHioth  the aftbody caused by the exhaust stream. The pitching
of which had lower maximum Mach number capab?lﬁy moment curve is non-linear for the cranked-wing model, indi-
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Figure 18. Theoretical L/D Barrier for supersonic and Figure 19. Pitching moment characteristics of each fully-
hypersonic configurations. integrated configuration at Mach 4.0.
cating that the shock may be detached at higher Mach nur-
bers for this configuration. 0.0012
The lateral-directional stability characteristics of ¢ 0.0010¢ © Cranked Wing
each fully-integrated configuration are shown in figures 20 ¢ 0.0008 0 Straight Wing
. . oG, B 0.0006F
and 21. Figure 20 shows yawing moment derlvatlgﬁs, at 5 O
O 0.0004f 5 o O ©
Mach 4.0 for each model. Both configurations are direction é 0.0002F - © © -
ally stable over the Mach number range studied. The additic 5 o o o ¢ Stable
of the vertical tail contributes significantly to directional sta- =, 0-0000
c
bility.® Rolli t derivatives. , at Mach 4.0 g oo
ility.® Rolling moment derivative , at Mach 4.0 are
y 9 B > _0.0004}
shown in figure 21. The cranked-wing configuration is later  -0.0006

ally stable over the Mach number range studied. Howeve 6.0 -40 -20 00 20 40 60 80 100 120

the straight-wing model is unstable at angles of attack belo a

6° at Mach 4.0. This instability may be caused in part by theg e 50 yawing moment characteristics of each fully-
high placement of the balance in the model. No transfer digntegrated configuration at Mach 4.0.

tance was applied in the vertical direction in the data reduc- . _ . i L
tion process. A preliminary analysis indicates that enougwavender configurations confirmed the qualitative shock

roll control power exists to overcome this instabitty. locations for each configuration. The shock was slightly
P fty detached from the outer leading edge at the design Mach

number of 4.0 and®angle of attack. This detachment dis-
tance exists because o_f boundary layer displace_rrmmtsef

The aerodynamic and controllability characteristicsas Well as blunt leading-edgefesfts. The design code
of two Mach 4.0 waveridederived hypersonic cruise config- assumes an infinitely sharp leading edge and does not account
urations were examined. Experimental force, moment anfor the physical presence of a boundary lay@éomparisons
flow visualization data were obtained for two Mach 4.0between experimental force data and CFD predictions were
waverider planform shapes in both test sections of the Unitaigenerally good.  The maximum lift-to-drag ratios observed
Plan Wind Tinnel (UPWT) over a Mach number range of 1.6eXperimentally were lower than the design-code predictions,

to 4.63. The wind-tunnel model enabled testing of variou@s expected. This was due to a loss of lift and increase in drag
configurations ranging from pure waveriders to fully-inte-caused by shock detachment as well as to a loss of lift from

grated vehicles. Limited computational solutions werethe lowersurface expansion and an increase in drag from the
obtained and used to examine the flow field and aerodynarradditional volume added to the upper surface.
characteristics of the two baseline waverider shapes. Comp _ )

nent build-up d&cts and the aerodynamic characteristics o The component build-up fetts of waverider

the fully-integrated hypersonic cruise vehicles were evaluderived vehicles were examined by comparing experimental
ated. force and moment data. The primarfeet of adding the fac-

eted canopy was to increase the drag of the configuration,
Computational predictions and laser vaporeen thereby resulting in a slight degradation in aerodynamic per-
photographs of the straight-wing and cranked-wing purformance. The édct of adding the engine package was to

Concluding Remarks
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